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27 rue Juliette Dodu, 75010 Paris France
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ABSTRACT Recurrent chromosome translocations in
nonhematological tumors are restricted to specific subtypes,
and their mechanism is currently unknown. Analysis of the
sequence data of 113 interchromosomal junctions derived
from 77 Ewing’s tumors carrying the characteristic t(11;22)
translocation indicate that, in this tumor, translocations are
initiated independently on each chromosome in regions that
lack site specific recombination signal. Local sequence dupli-
cations, deletions, and, most importantly, inversions that are
diagnostic of DNA hairpin formation indicate that, at the
breakpoint, single-stranded DNA ends are processed individ-
ually before interchromosomal joining. Taken together, these
observations suggest that chromosome translocations in Ew-
ing’s tumors are mediated through a genuine illegitimate
recombination mechanism.

Analyses of the DNA sequences that lie in the vicinity of
chromosome translocation breakpoints in human hematolog-
ical tumors has suggested that homeologous recombination
andyor site-specific recombinogenic sequences may be impli-
cated. In lymphoid neoplasms, this view is supported experi-
mentally by the presence, at the chromosome junctions, of
heptamerynonamer sequences characteristic of the V(D)J
recombination andyor of translin consensus sequences (1, 2).
However, recurrent chromosome translocations are observed
in various tumor types derived from progenitor cells that may
not express the lymphoid specific recombination machinery. In
those cases, the mechanism that mediates chromosome trans-
location has not been investigated in detail, but various
recombination promoting sequences have been suggested to
play a role [e.g., topoisomerase I and II, chi consensus, Alu,
palindromic sequences, alternating purineypyrimidine, and
polypurine or polypyrimidine sequences (3–11)]. In solid tu-
mors, recurrent specific translocations are rare and have not
been studied systematically at the genomic level.

Ewing’s tumors (ET) are a group of neoplasms of neuro-
ectodermal origin that carry in 85% of the cases a character-
istic t(11;22) translocation generating an EWSyFLI-1 fusion
transcript encoded by the derivative 22 (12). In the remaining
15% of the cases, variant chromosome 22 translocations lead
to the formation of EWSyERG, EWSyETV1, EWSyFEV, or
EWSyE1A3 fusion transcripts (13–16).

The approximate location of 89 t(11;22) chromosome break-
points on chromosomes 22 and 11 have been determined, thus
defining breakpoint regions that were termed EWSR1 and
EWSR2, respectively (13, 17). To further document the re-
combination mechanism, which underlies the t(11;22) trans-
location, we have established the normal genomic sequence of
the entire EWSR1 and EWSR2 regions. The information
derived from these sequences has provided means to PCR

amplify 113 interchromosomal junctions from ET-carrying
t(11;22) translocations, thus enabling a detailed analysis at the
nucleotide level.

MATERIALS AND METHODS

Tumors and Cell Lines. A total of 77 different ET or cell
lines was collected. This set of tumors was composed of 63
bone ET, 5 extraskeletal ET, 7 neuroepitheliomas, and 2
Askin’s tumors. Among these tumors, 73 had been screened for
rearrangements in EWSR1 and EWSR2 by the Southern
blotting technique (17); 56 cases had demonstrated rearrange-
ment in both regions, and 11 and 2 cases had enabled the
detection of a rearrangement only in EWSR1 and EWSR2,
respectively. In four cases, no rearrangement of either of the
regions was noted (13). An EWSyFLI-1 fusion transcript was
observed in all of the 47 cases for which it was searched. ET
with an EWSyERG fusion transcript were excluded from this
series.

Sequence Determination. Overlapping cosmids C4 and G6
were isolated from the LL22NCO1 library by a chromosome-
walking procedure. They cover a 80-kilobase (kb) genomic
region containing the entire EWS gene (17, 18). Overlapping
cosmids Cosco 1.1 and Cosco 1P3 were isolated from a cosmid
library derived from the ICB 104 cell line (17); they cover a
66-kb region of the FLI-1 gene, which contains the entire
EWSR2 region. These four cosmids were sequenced entirely
by using a procedure described by Zucman et al. (18). Se-
quences are deposited in the European Molecular Biology
Laboratory database (accession nos. Y08806 and Y17293)

PCR Procedure. The AMPLIFY software (19) was used to
identify two sets of compatible primers in the EWSR1 (3
primers) and EWSR2 regions (15 primers). The average
distance between primers was 2 kb. Optimization of a multi-
plex procedure enabled screening of the junction region on
der(22) with 15 different PCRs. To amplify the junction on the
der(11), the same strategy was used and required an equivalent
number of reactions. Primer sequences, pooling schemes, and
PCR conditions are available on the Fondation Jean Daussety
Centre d’Étude du Polymorphisme Humain (Paris) web server
(www.cephb.fryewing). Amplified fragments were sequenced
on both strands after purification (QIAquick PCR purification
kit, Quiagen, Chatsworth, CA) by using both amplification
primers and a PRISM dye terminator kit (Applied Biosys-
tems). All junction sequences are deposited in the European
Molecular Biology Laboratory database with their corre-
sponding cell-line names (accession nos. AJ229253 to
AJ229365).

Sequence Analysis. The computer programs CENSOR and
PYTHIA, designed by Jurka and Milosavljevic (20), were used
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by e-mail procedure (censor@charon.lpi.org) for repeat se-
quence identification and Alu classification. The nucleotide
sequence was searched for potential coding regions by using

GRAIL 1.2 [Gene Recognition and Analysis Internet Link (21)].
Other procedures for sequence analysis are described in the
text.

FIG. 1. Schematic representation of the EWS and FLI-1 regions corresponding to the 80-kb and 66-kb genomic sequences of chromosomes 22
and 11, respectively. The arrow under the name of each gene indicates the orientation of transcription. The GAR22 and RRP22 genes are described
in Zucman et al. (ref. 18; European Molecular Biology Laboratory accession nos. Y07846 and Y07847). Gray boxes represent repetitive sequences,
and black boxes represent exons.

FIG. 2. Distribution of the positions of the chromosome 22 and 11 junctions observed on 77 der(22). The reference sequences of the EWS and
FLI-1 gene are represented along the x and y axes, respectively (European Molecular Biology Laboratory accession nos. Y07848 and Y17293; note
that the x and y axes have different scales). Each point represents a der(22) junction of a single ET. Its x and y coordinates correspond to the position
of the chromosome 22 and 11 junctions obtained from the two reference sequences, respectively. EWSR1A and EWSR1B correspond to the two
subregions of EWSR1 in which breakpoints were observed on chromosome 22. Similarly, EWSR2 is defined as the breakpoint region on chromosome
11. Gray boxes represent repetitive sequences, and black boxes represent exons.
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FIG. 3. (Legend appears at the bottom of the opposite page.)
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RESULTS AND DISCUSSION

Molecular Characterization of der(22) Chromosomal Junc-
tions. The two chromosomal breakpoint regions, EWSR1 on
chromosome 22 and EWSR2 on chromosome 11 (17), are
included in completely analyzed genomic sequences totaling 80
kb and 66 kb respectively. These sequences contain the entire
EWS and FLI-1 genes, with the exception of FLI-1 exon 1 and
intron 1 (Fig. 1). Systematic multiplex PCR screening of the
der(22) chromosome followed by sequencing allowed the
precise determination of the positions of the junction-points
on chromosomes 22 and 11 for all 77 ET studied. In seven
cases, one to five additional base pairs were observed to link
the EWS and FLI-1 sequences. Junction points on chromo-
some 22 were distributed in two subregions of 3.0 kb
(EWSR1A) and 1.2 kb (EWSR1B) separated by a junction-
free portion of intron 8 of 1.2 kb (Fig. 2). Sequence analysis and
search for DNase sensitive sites (ref. 22 and data not shown)
failed to reveal differences that would provide a structural
explanation for the absence of breakpoint in this intronic
portion. A functional explanation would hypothesize that
splicing out of EWS exon 8 (required to maintain the reading
frame in the EWSyFLI-1 fusion transcript) takes place only
when the chromosome 22 junction is ,1.4 kb away from the
exon 8 donor splice site (12, 13). Within EWSR1A and
EWSR1B, the junctions appeared randomly distributed, but
their density was only half in the latter. On chromosome 11, all
junction points lie in the previously defined EWSR2 region
located between FLI-1 exons 2 and 8 (Fig. 2). In this region,
the highest density of junctions was observed in intron 4, with
a 3-fold higher density, as compared with the rest of the
EWSR2 region. Otherwise, junction points appeared to be
distributed randomly.

For each of the 77 tumors, the position of the junction on
chromosome 22 was examined in relation to that of chromo-
some 11, and no significant correlation was observed (r 5 0.06,
P . 0.6, Fig. 2). For each der(22) junction, 120-bp sequences
centered around the junction point were extracted from the
normal chromosome 22 and 11 sequences and were analyzed
with a dot matrix program (DNA strider). The distribution of
direct or inverted repeats $4 bp was similar to that observed
on a simulation generated by randomly breaking and rejoining
the intron 2 of adenosine deaminase (accession no. M13792)
and the intron 5 of factor XIII (accession no. M64554)
sequences. Thus, this procedure failed to reveal obvious intra-
or interchromosomal homology in the vicinity of the break-
points, indicating that the t(11;22) translocation may not
involve homologous or homeologous recognition processes.
The positions of candidate recombination sequences [topo-
isomerase I and II, translin, heptamerynonamer, chi consen-
sus, Alu, alternating purineypyrimidine sequences, palin-
dromic, polypurine, and polypyrimidine sequences (1–11)]
were not correlated with those of the junction points. The
R’MES (23) and MACA (24) programs applied to the entire
EWSR1 and EWSR2 regions failed to reveal any consistent
consensus sequences within 100 bases of the junction points.
Thus, the t(11, 22) translocations associated with ET met

criteria for an interchromosomal recombination involving an
illegitimate process without site-specific recombination.

Comparative Analysis of der(22) and der(11) Junctions. To
perform a joint analysis of the junction sequences of both
chromosome derivatives from the same tumor, a multiplex
PCR approach similar to that used for sequencing the der(22)
breakpoint regions was used to amplify the der(11) junction
sequences. This strategy succeeded in 36 of the 77 tumors
(47%). Molecular observations of deletion of the der(11) and
of complex rearrangement involving this derivative (13, 25) in
at least 20% of ET may explain this lower rate of success as
compared with that obtained for the der 22. Most transloca-
tions resulted in the simple juxtaposition of chromosome 22
and 11 sequences, each frequently associated with local dele-
tion or duplication (Fig. 3A, groups A–G). In one such tumor
(T 89) the FLI-1 and EWS sequences on the der11 were linked
through a 140-bp DNA sequence of unknown origin that
included an 88-bp Alu-J element. Eleven tumors exhibited
small duplication andyor deletion events (#5 bp; Fig. 3A,
group A), and the corresponding translocations were classified
as balanced for both genes. However, most tumors demon-
strated either large deletions (mean size of 56 bp and maxi-
mum size of 8,262 bp) or duplications (mean size of 118 bp and
maximum size of 467 bp; Fig. 3A, groups B–G), or both.
Almost all combinations of balanced, duplication, and deletion
events were observed and appeared equally distributed on
either chromosome. Analysis of eight derivative chromosomes
from four tumors showed a more complex pattern involving,
on six occasions, the insertion at the junction of a locally
derived inverted sequence (termed LDIS), which ranged in
size from 6 to 34 bases (Fig. 3B).

The sequence context where LDIS were observed exhibited
a striking group of characteristic features. Identification of an
LDIS defines three breakpoints on the normal chromosome
from which it is derived (Fig. 3C). On the translocated
chromosome, breakpoint 1 is at one end of the LDIS and lies
at the interchromosomal junction. Breakpoints 2 and 3 are
both at the other end of the LDIS and mark the limits of the
intrachromosomal rearrangement. For the six junctions with a
LDIS, the positions of these three breakpoints have an iden-
tical pattern. With reference to the sequence of the normal
chromosome (Fig. 3C), breakpoint 1 lies invariably between
one end of the LDIS and that of a constantly deleted region
(6 to 51 bases in size). Before the translocation, the region to
be deleted lies centromeric to the sequence to be inverted
when the LDIS is not translocated [i.e., the chromosome of
origin and the derivative chromosome carrying the LDIS
possess the same centromere, tumor H, der(22)]. Reciprocally,
the region to be deleted lies telomeric to the sequence to be
inverted in the five cases where the LDIS is translocated (Fig.
3B). In all cases, breakpoints 2 and 3 occur in short inverted
repeats (3 to 7 bp) or at their boundaries (Fig. 3 B and C). One
of these inverted repeats is deleted systematically in each
junction exhibiting an LDIS. Taken together, these observa-
tions impose stringent constraints on the underlying mecha-
nism that gives rise to an LDIS. In a given tumor, one or two
LDIS could be derived either from chromosome 11, from
chromosome 22, or from both and could be located either on

FIG. 3. Sequence analysis of the chromosome junctions established for both derivatives of 36 ET caring a t(11;22). Classification of tumors is
indicated on the left, together with an example for each group. Black and white arrows indicate, on the normal EWS and FLI-1 sequences, the
location of the der(22) and der(11) breakpoints, respectively. (A) ‘‘Simple’’ translocations. A gene (either EWS or FLI-1) is classified as taking part
in a balanced event when the size of the region of the gene that is absent (deleted) or present (duplicated) on both derivatives is #5 bp. The sizes
of these regions in bp are indicated for all cases on the right side with a plus sign for a duplicated region and a minus sign for a deleted region.
(B) ‘‘Complex’’ translocations. The latter translocations incorporate an LDIS (locally derived inverted sequence; see text) in at least one derivative
chromosome. The LDIS is represented by shadowed characters. Short inverted repeats are boxed. (C) A schematic representation of an LDIS on
the derivative chromosome and on the normal chromosome from which it is derived (prototype is the der 22 of tumor 4 in group H). Arrows a
and b represent short inverted repeats. The region to be deleted is centromeric to the LDIS when the chromosome of origin of the LDIS and the
derivative chromosome on which the LDIS is observed have the same centromere (case shown here). Otherwise, the region to be deleted lies
telomeric to the LDIS.
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the der(11) or on the der(22) or on both derivatives. Thus,
before their joining, each of the four chromosomal ends may
have been processed independently of the others.

Basis of an Illegitimate Recombination Model. The current
double strand break recombination models (26) suggest an
explanation for the presence of balanced translocations or of
deletions associated with the translocations classified in groups
A to D (Fig. 3A) but fail to explain the presence of duplication
whether or not associated with an LDIS (Fig. 3 A and B, groups
E–J). In contrast, a simple model of illegitimate recombination
may account for all of the junctions observed (Fig. 4). Ac-
cording to this model, the primary event in nonbalanced
translocations is the generation, independently on each chro-
mosome to undergo translocation, of double strand breaks that
generate, either directly or after the action of exonucleases,
protruding ends (Fig. 4, intermediates A and B). It is suggested
from the analysis of mutations occurring in the rad27 mutant
of Saccharomyces cerevisiae (27) and the analysis of minisat-
ellite instability in humans (28) that single stranded ends do
occur in eukaryotes during recombination processes. Subse-
quently, in the present model, each protruding end may be
processed independently by the combined action of DNA
polymerases and of 59-to-39 exonucleases (Fig. 4, intermediate
C). Depending on the ratio of these two activities, three basic
categories of molecules may be generated from a 59 protruding
end (Fig. 4, intermediates B, D, and E). Only a molecule with
an initial 59 protruding end would lead to duplication. LDIS
may be generated from 39 protruding ends by the formation of
a hairpin, stabilized by constantly observed short inverted
repeats followed by strand filling and interstrand ligation (Fig.
4, intermediate F). Subsequent opening of the loop followed
by a combination of exonuclease and strand-filling activities
causes the observed systematic deletion and generates the
LDIS (Fig. 4, intermediates G–I). This mechanism accounts
for all observed characteristic features associated with LDIS.
Finally, interchromosomal ligation of the various intermedi-
ates D, E, and I (Fig. 4) generates directly, or, on rare
occasions, after the addition of a small number of bases, all

observed types of chromosomal junctions (Fig. 3 A and B). It
is unlikely that microhomology at the junction plays a major
role for end joining because only 9 of 113 junctions demon-
strated three (at most five) identical base pairs at the end of the
chromosome fragments.

Physiological recombination has been shown to require
either site-specific sequence signals or stretches of homology
between recombining molecules. Extensive studies of chromo-
some translocations in hematological neoplasms and the re-
sulting emphasis on the involvement of heptamerynonamer
sequences (1) and translin consensus sequences (2) have
promoted the search for putative recombination signals at the
translocated chromosome junctions in tumors of various ori-
gins (3–11). Although associations occasionally have been
reported, the actual involvement of such candidate sequences
has not been evaluated in specific tumor types by systematic
studies of large series. The present work demonstrates, how-
ever, that the mechanism at work for the recurrent t(11, 22)
translocation of ET relies neither on homology nor on site
specific recombination signals. In contrast, it provides obser-
vations supporting the involvement of a mechanism of illegit-
imate recombination based on the independent generation of
single strand DNA ends that are processed individually before
interchromosomal joining. Numerous interchromosomal rear-
rangements that are observed in a large variety of tumor types
should be evaluated for evidence of illegitimate recombination
as described in this report.
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